INTRODUCTION {#s1}
============

Oral squamous cell carcinoma (OSCC) is among the most commonly diagnosed cancer types in the world, with over 300,000 new cases and 145,000 deaths attributed to the disease worldwide each year \[[@R1]\]. OSCC displays a dismal five-year survival rate of approximately 50%, a rate that has not improved in decades \[[@R2]\]. This is due primarily to frequent late-stage diagnoses and high rates of recurrence \[[@R3], [@R4]\]. To better treat and diagnose OSCC, an improved understanding of the molecular mechanisms underlying tumorigenesis is required. Such knowledge is instrumental to the development of clinical biomarkers, novel therapeutics, and personalized treatments.

We previously performed genome-wide DNA methylation and expression profiling of patient-matched normal, dysplasia, and carcinoma *in situ* (CIS) or OSCC samples obtained from the oral cavity (GEO Accession \# GSE46802), with the sphingomyelin phosphodiesterase 3 (*SMPD3)* gene promoter identified as a site of frequent hypermethylation and silencing in dysplasia and CIS/OSCC samples as compared with normal controls \[[@R5]\].

*SMPD3* encodes the protein neutral sphingomyelinase 2 (nSMase2), which hydrolyzes the membrane lipid sphingomyelin to ceramide. Ceramide plays a complex role in the cell by altering the composition of lipid rafts and impinging on various signalling pathways \[[@R6], [@R7]\]. Initial studies on the role of ceramide found that it induced apoptosis and inhibited the cell cycle in leukemic cells, suggesting a tumor suppressive role \[[@R8], [@R9]\]. However, subsequent studies have uncovered additional complexity. For instance, ceramide accumulation following nSMase2 activation that was triggered by oxidative stress resulted in apoptosis of human airway epithelial cells, whereas activation of the same enzyme protected neuroblastoma cells from nutrient deprivation-induced cell death \[[@R10]--[@R12]\]. nSMase2-mediated generation of ceramide may be further influenced by expression of other ceramide-metabolizing enzymes, such as ceramidases, ceramide kinase and glucosyltransferase, and enzymes involved in *de novo* ceramide synthesis \[[@R13]\]. Recent work has shown a role for nSMase2 in the production of extracellular vesicles. These small vesicles are loaded with specific cargo molecules, including proteins and microRNAs, before being extruded into the extracellular space where they are taken up by neighboring cells. Extracellular vesicles play a key role in regulating the tumor microenvironment and thereby influence tumor progression in a manner dependent upon their cargo \[[@R14]\]. Thus, the role of nSMase2 is context-dependent and has not been examined in OSCC cells.

Herein, we show that *SMPD3* is commonly hypermethylated and its expression is downregulated during oral tumorigenesis. Overexpression of *SMPD3* decreases the migration and invasion of OSCC cell lines and alters their response to stress in a context-dependent manner.

RESULTS {#s2}
=======

SMPD3 promoter CpG island hypermethylation and gene silencing is common in patients with oral dysplasia and CIS/OSCC {#s2_1}
--------------------------------------------------------------------------------------------------------------------

We previously performed whole-genome methylation and gene expression profiling of patient-derived oral normal, dysplasia, and CIS/OSCC samples \[[@R5]\]. Of the seven CpG sites in the data set, we included only those five known to be located within the promoter CpG island of *SMPD3* in our analysis (cg00891541, cg15201635, cg10556064, cg22116290, cg23758485) as hypermethylation of this genomic region has been linked to cancer progression through repression of tumor suppressor genes \[[@R15]\]. The average β-value of these CpGs across all normal, dysplasia, and CIS/OSCC samples were 0.30 ± 0.06, 0.41 ± 0.09, and 0.44 ± 0.07, respectively ([Figure 1](#F1){ref-type="fig"}). A statistically significant difference in the distribution of β-values was observed between normal vs. dysplasia (one-way ANOVA with Tukey's multiple comparisons test; F (2, 27) = 9.564, *p* = 0.007 and q (27) = 4.745, *p* = 0.007) and normal vs. CIS/OSCC (q (27) = 5.809, *p* = 0.001), but not dysplasia vs. tumor (q (27) = 1.064, *p* = 0.735), suggesting that *SMPD3* hypermethylation occurs in the dysplasia stage and persists as cells progress towards cancer. Integration of methylation and paired gene expression data revealed that 4/10 dysplasia and 6/10 CIS/OSCC samples show both promoter hypermethylation (defined as a β-value increase of ≥0.15 in at least one CpG) and ≥2-fold lower expression compared with normal in the same patient sample ([Table 1](#T1){ref-type="table"}). In contrast, hypomethylation (β-value decrease of ≥0.15 in at least one CpG) was not observed for any sample.

![Methylation of the *SMPD3* promoter CpG island is increased in oral dysplasia and cancer tissues compared with normal tissues.\
The mean β-value for CpGs within the *SMPD3* promoter CpG island across patient-matched samples was measured for normal, dysplastic, and carcinoma *in situ*/oral squamous cell carcinoma tissues from each of 10 patients. Bars represent the mean and standard deviation. Significance was determined using a one-way ANOVA with post-hoc Tukey's multiple comparisons test. ^\*\*^ *P* \< 0.01. ^\*\*\*^ *P* \< 0.001. Abbreviations: ns, not significant; CIS/OSCC, carcinoma *in situ*/oral squamous cell carcinoma.](oncotarget-11-523-g001){#F1}

###### Expression and methylation of *SMPD3* in patient-matched dysplasia and CIS/OSCC samples

                                                          Dysplasia   CIS/OSCC
  ------------------------------------------------------- ----------- ----------
  Hypermethylated^a^                                      6           10
  Downregulated^b^                                        5           6
  Hypermethylated and downregulated in the same patient   4           6

^a^Δβ-value of ≥0.15 compared with adjacent normal tissue in at least one CpG within the *SMPD3* promoter. ^b^Fold-change of ≥2 compared with adjacent normal tissue in at least one *SMPD3* probe. *N* = 10.

To determine if the observed trend in *SMPD3* promoter methylation and expression was specific to our cohort or was representative of oral cancer more generally, we examined a publicly available TCGA data set of head and neck cancers profiled for both methylation (Illumina 450k array) and gene expression (Illumina HiSeq RNA-seq). We included only those samples corresponding to the oral cavity (buccal mucosa, hard palate, floor of mouth, oral tongue, oral cavity, and alveolar ridge). The Illumina 450k array contains 39 probes corresponding to *SMPD3*, compared with only seven for the 27k array. For consistency, we included only those probes corresponding to CpG island 2 (cpgiid 9439), which includes the five probes used in our initial analysis plus an additional 12 probes (cg04464276, cg08890345, cg0594840, cg05144928, cg12136772, cg05676789, cg16694003, cg03412735, cg08694014, cg09202227, cg07461772, cg10426893). In agreement with our previous observations, we found a significant increase in the average β-value (Student's *t*-test with Welch's correction, t (91.64) = 17.94, *p* \< 0.0001; [Figure 2A](#F2){ref-type="fig"}) and concomitant decrease in the average expression of *SMPD3* (Student's *t*-test, t (278) = 3.922, *p* = 0.0001; [Figure 2B](#F2){ref-type="fig"}) in tumor samples as compared with normal samples. We also observed a significant negative correlation between tumor methylation and gene expression (Pearson correlation, F (1,250) = 16.86, *p* \< 0.0001, r = --0.25; [Figure 2C](#F2){ref-type="fig"}). Using only paired data, a β-value increase of ≥0.15 was observed in 23/32 (72%) of patients, whereas a β-value decrease of ≥0.15 was not observed for any patient (Supplementary Figure 1). A ≥2-fold decrease in *SMPD3* expression in the tumor was observed in 16/27 (59%) of patients, whereas a ≥2-fold increase was observed in 3/27 (11%). Of 14 patients with paired methylation and expression data, four (29%) exhibited a concomitant increase in methylation and decrease in expression.

![The promoter CpG island of *SMPD3* is hypermethylated and its expression is downregulated in oral cancer samples profiled by The Cancer Genome Atlas.\
(**A**) The mean β-value for CpGs within the *SMPD3* promoter CpG island across unpaired normal (*N* = 32) and tumor (*N* = 261) samples. (**B**) *SMPD3* expression in unpaired normal (*N* = 28) and tumor (*N* = 252) samples. (**C**) Correlation between gene expression (log~2~ RSEM) and methylation (average β-value within promoter CpG island). *N* = 252. Bars represent the mean and standard deviation (A and B). Statistical significance was determined using a Student's *t*-test (B) or Student's *t*-test with Welch's correction for unequal variances (A). ^\*\*\*^ *P* \< 0.001; ^\*\*\*\*^ *P* \< 0.0001.](oncotarget-11-523-g002){#F2}

We further examined TCGA data to determine if tumor *SMPD3* promoter CpG island 2 methylation (using the average β-value of the 17 probes from TCGA as listed above) and *SMPD3* expression correlate with common clinical factors. Interestingly, we found that patients with extracapsular spread exhibited significantly lower *SMPD3* expression in the tumor (Student's *t*-test, t (177) = 2.254, *p* = 0.025; [Figure 3](#F3){ref-type="fig"}). Further, we found a downward trend in G island 2 methylation as tumor grade increases (one-way ANOVA, F (2,225) = 3.038, *p* = 0.049). Finally, patients with lymphovascular invasion exhibited significantly lower methylation in the tumor (Student's *t*-test, t (200) = 2.7, *p* = 0.008). Other features, including tumor size, lymph node status, pathological stage, smoking and drinking history, and overall survival, did not correlate significantly with either expression or methylation.

![*SMPD3* promoter CpG island methylation and expression correlate with clinical factors as profiled by The Cancer Genome Atlas.\
(**A**) Tumors displaying extracapsular spread exhibit significantly lower expression of *SMPD3*. (**B**) Methylation of *SMPD3* decreases as tumor grade increases. (**C**) Tumors displaying lymphovascular invasion exhibit significantly lower methylation of *SMPD3*. Bars represent the mean and standard deviation. Statistical significance was determined using Student's *t*-test (A and C) or one-way ANOVA with post-hoc Tukey's multiple comparisons test (B). ^\*^ *P* \< 0.05. ^\*\*^ *P* \< 0.01. Abbreviations: ns, not significant.](oncotarget-11-523-g003){#F3}

SMPD3 is methylated and silenced in oral dysplasia and cancer cell lines {#s2_2}
------------------------------------------------------------------------

To determine if the observed trends of *SMPD3* hypermethylation and downregulation are true for commonly used OSCC cell lines, we next assessed the methylation and expression status of *SMPD3* in the oral dysplasia lines DOK and POE9n-TERT and the OSCC cell lines Cal27, SCC-4, SCC-9, and SCC-25. qRT-PCR revealed detectable *SMPD3* expression, defined as Ct \< 35, in SCC-4 only. Consistent with the expression data, methylation-specific PCR revealed promoter methylation in all lines except SCC-4 ([Figure 4](#F4){ref-type="fig"}). Taken together, our results suggest that promoter hypermethylation and silencing of *SMPD3* are common events in oral tumorigenesis and that they occur early on in cancer progression (i.e., dysplasia).

![*SMPD3* is methylated and its expression is undetected in a panel of oral dysplasia and cancer cell lines, except for SCC-4.\
(**A**) *SMPD3* expression was assessed using qRT-PCR. A cycle threshold (Ct) value \<35 was considered expressed. (**B**) *SMPD3* methylation was assessed using methylation-specific PCR.](oncotarget-11-523-g004){#F4}

SMPD3 decreases migration and invasion of oral dysplasia and OSCC cell lines {#s2_3}
----------------------------------------------------------------------------

To further elucidate the role of *SMPD3* in oral dysplasia and cancer, we overexpressed the gene in oral dysplasia (DOK) and carcinoma (SCC-25) cell lines using a doxycycline-inducible vector. To test the effect of *SMPD3* overexpression on proliferation, cells containing the doxycycline-inducible overexpression vector were treated with 0 ng/ml (Ctrl) or 100 ng/ml (*SMPD3*+) doxycycline to activate gene expression. *SMPD3* overexpression did not alter proliferation of DOK or SCC-25 cells over a five-day period (Student's *t*-test; DOK: t (4) = 0.676, *p* = 0.536; SCC-25: t (4) = 0.071, *p* = 0.947; [Figure 5](#F5){ref-type="fig"}). Migration and invasion were assessed using a transwell invasion assay with zero or 200 µg/ml Matrigel, respectively. *SMPD3* overexpression caused a significant decrease in migration and invasion of DOK (Student's *t*-test; migration: t (4) = 7.264, *p* = 0.002; invasion: t (4) = 5.132, *p* = 0.007) and SCC-25 (Student's *t*-test; migration: t (4) = 7.534, *p* = 0.002; invasion: t (4) = 4.616, *p* = 0.010) cells. Doxycycline did not alter the proliferation, migration, or invasion of DOK or SCC-25 cells transfected with control (empty) vector (data not shown).

![*SMPD3* overexpression has no effect on proliferation but decreases migration and invasion of oral dysplasia and cancer cell lines.\
(**A**) Cell lines containing a doxycycline-inducible *SMPD3* overexpression vector were treated with zero (Ctrl) or 100 ng/ml (*SMPD3*+) doxycycline, plated in triplicate, and counted every 24 hours using a hemocytometer. (**B**) Ctrl and *SMPD3*+ cells were plated in triplicate in transwell assays with zero or 200 µg/ml Matrigel and grown for 48 hours to assess migration and invasion, respectively. Bars represent the mean and standard deviation. Statistical significance was determined using Student's *t*-test. ^\*\*^ *P* \< 0.01. Abbreviations: ns, not significant.](oncotarget-11-523-g005){#F5}

SMPD3 does not impact response of oral dysplasia and OSCC cell lines to serum starvation or radiation but increases resistance to erlotinib {#s2_4}
-------------------------------------------------------------------------------------------------------------------------------------------

*SMPD3* has been shown to alter the response of cells to various stressors relevant to tumorigenesis. It was recently reported that fibroblasts cultured from *fro/fro* mice (which lack functional *SMPD3*) display increased survival under nutrient deprivation compared with fibroblasts from wild-type mice \[[@R16]\]. Since nutrient stress is common in tumors, we investigated whether *SMPD3* plays a similar role in oral cancer cell lines by comparing the survival of control and *SMPD3*-overexpressing lines after 48 hours in serum-free media. SCC-25 and DOK showed no difference in survival between control and overexpression cells (Student's *t*-test; DOK: t (4) = 0.250, *p* = 0.815; SCC-25: t (4) = 0.182, *p* = 0.864; [Figure 6](#F6){ref-type="fig"}).

![*SMPD3* overexpression did not alter the response of oral dysplasia and cancer cell lines to serum starvation or radiation but improved resistance to the EGFR inhibitor erlotinib.\
For serum starvation, cells were counted after growing for 48 hours in 10% FBS-containing or serum-free media. The effect of *SMPD3* overexpression on radiation and erlotinib response was assessed using clonogenic assays. Bars represent the mean and standard deviation. Statistical significance was determined using a two-way ANOVA with post-hoc Šidák correction. ^\*\*\*\*^ *P* \< 0.0001. ns: not significant.](oncotarget-11-523-g006){#F6}

Additional stressors, namely radiation and epidermal growth factor receptor (EGFR) inhibition, were investigated using clonogenic assays. *SMPD3* expression has been shown to alter radiosensitivity in other cancer types and radiation is commonly used to treat OSCC \[[@R17]\]. *EGFR* is commonly amplified in OSCC and has been shown to interact with ceramide in the development of cigarette smoke-induced lung cancer in mice \[[@R18]\]. No survival difference was observed between Ctrl and *SMPD3+* cells for DOK or SCC-25 following irradiation (two-way ANOVA with Šidák's multiple comparison test; DOK: t (30) = 2.514, *p* = 0.052; SCC-25: t (30) = 1.151, *p* = 0.593; [Figure 6](#F6){ref-type="fig"}). To determine if this is due to upregulation of *SMPD3* in Ctrl cells following irradiation, we irradiated cells with 0, 2, 4, 6, and 8 Gray and assessed *SMPD3* expression after 4 and 24 hours. We did not find evidence that irradiation increases *SMPD3* expression (data not shown). Following treatment with the EGFR inhibitor erlotinib, both DOK and SCC-25 *SMPD3*+ cells displayed improved survival (two-way ANOVA with Šidák's multiple comparison test; DOK: t (30) = 6.093, *p* \< 0.0001; SCC-25: t (30) = 8.060, *p* \< 0.0001). When treated with a combination of radiation and erlotinib, *SMPD3*+ cells demonstrated a trend toward increased survival which was not significant (two-way ANOVA with Šidák's multiple comparison test; DOK: t (30) = 2.056, *p* = 0.139; SCC-25: t (30) = 2.303, *p* = 0.083). Taken together, our results demonstrate that *SMPD3* can protect cells against EGFR inhibition. Given the pro-apoptotic role normally attributed to *SMPD3*, the mechanism by which it protects OSCC cell lines is curious and warrants further investigation.

DISCUSSION {#s3}
==========

The standard of care for OSCC patients has not changed for decades and OSCC survival rates remain poor. To remedy this, a deeper understanding of the molecular mechanisms underlying the disease are required. Identification of genes and elucidation of their functions during tumorigenesis are essential steps in the development of novel diagnostics and targeted therapies. We identified the promoter region of *SMPD3* as a site of frequent hypermethylation in patient-derived oral tumors and further analyzed its function in oral dysplasia and tumor cell lines.

Our results suggest that *SMPD3* deregulation is a common event in the formation of oral tumors. Indeed, hypermethylation of *SMPD3* has been reported in various cancer types, including clear cell renal cell carcinoma and hepatocellular carcinoma \[[@R19], [@R20]\]. In agreement, our analysis of unpaired normal and tumor data from TCGA shows that hypermethylation of *SMPD3* occurs in bladder urothelial carcinoma, breast invasive carcinoma, colon adenocarcinoma, head and neck squamous cell carcinoma, liver hepatocellular carcinoma, kidney renal papillary cell carcinoma, lung adenocarcinoma, lung squamous cell carcinoma, thyroid carcinoma, and uterine endometrial carcinoma, but not prostate cancer (Supplementary Figure 2). A statistically significant decrease in expression was also observed in TCGA data for colon adenocarcinoma, head and neck squamous cell carcinoma, liver hepatocellular carcinoma, lung squamous cell carcinoma, and thyroid carcinoma. Expression was increased in breast and prostate carcinoma, and was unchanged in bladder carcinoma, kidney renal papillary carcinoma, lung adenocarcinoma, and uterine endometrial carcinoma. Although mutations in *SMPD3* affect \~5% of acute myeloid leukemia and acute lymphocytic leukemia patients, mutations were found in only 1/279 (0.4%) tumors in the TCGA head and neck cancer dataset, with copy number variations present in only 3/279 (1%) \[[@R21]\]. Thus, it appears as though hypermethylation is the primary mechanism underlying *SMPD3* deregulation in OSCC and possibly other cancer types.

We further observed a statistically significant correlation between *SMPD3* expression or methylation and various clinical factors. Intriguingly, decreased *SMPD3* expression was found to correlate with the presence of extracapsular spread. Extracapsular spread occurs when cancer cells in a lymph node continue to migrate outside of the capsule of the node, is a late step in the process of distant metastasis, and is associated with poor outcome of head and neck cancer patients \[[@R22]\]. This observation agrees with our *in vitro* studies, which showed that cells that don't express *SMPD3* exhibit higher levels of migration and invasion compared with *SMPD3* overexpression cells. In addition, we found that *SMPD3* methylation correlates with tumor grade and lymphovascular invasion. Lymphovascular invasion refers to the spread of tumor cells into the blood and lymph, precedes the formation of lymph node metasteses, and is an early step in the process of distant metastasis. However, the direction of this correlation was unexpected, as methylation decreased with increasing grade and was low in tumors with lymphovascular invasion. Although a biological explanation for these observations eludes us, technical factors may play a role. For instance, tumor grade and lymphovascular invasion (and extracapsular spread, as discussed above) are subject to a moderate to large degree of interobserver variability \[[@R23]--[@R25]\]. Sampling error, in which a small section of tumor is not representative of the tumor at large, may also play a role; in breast cancer, sampling error has been suggested to account for the observation that not all tumors with lymph node metastases exhibit lymphovascular invasion \[[@R26]\]. Additional studies on the correlation between *SMPD3* expression and methylation with clinical factors are therefore required to confirm these results. *SMPD3* expression and methylation did not significantly correlate with patient survival. However, when the dataset was expanded to include all head and neck samples, not only those corresponding to the oral cavity, we found that patients whose tumors exhibited downregulation of *SMPD3* compared with normal tissue exhibited worse overall survival than patients whose tumors had no difference or which exhibited upregulation of *SMPD3* (Gehan-Breslow-Wilcoxon test, χ^2^ (1) = 6.311, *p* = 0.012). Methylation did not significantly correlate with survival of head and neck cancer patients.

*SMPD3* encodes the protein neutral sphingomyelinase 2 (nSMase2) which catalyzes the breakdown of the membrane lipid sphingomyelin to ceramide \[[@R27]\]. Ceramide regulates numerous cell processes, including confluency-induced growth arrest, apoptosis, and the inward budding of the multivesicular body membrane to form extracellular vesicles \[[@R7], [@R28]\]. Importantly, the roles of ceramide are independent from one another, and the result of ceramide generation is context-dependent. For instance, nSMase2-generated ceramide is greatly increased in MCF7 cells at confluency, resulting in confluency-induced growth arrest but not apoptosis, whereas nSMase2-generated ceramide results in the apoptosis of human airway epithelial cells under H~2~O~2~ or cigarette smoke-induced oxidative stress \[[@R10], [@R11], [@R29]\]. In each case, a common event (nSMase2-induced ceramide generation) leads to a different outcome.

We likewise found the effect of *SMPD3* overexpression on proliferation and stress response to be context-dependent, depending on the cell line under study and the stressor itself. While previous studies found that *SMPD3* overexpression was sufficient to slow the proliferation rate of various cancer cell lines, including the breast cancer line MCF-7, the osteosarcoma line F4328, and the hepatocellular carcinoma line JHH-7, we found no effect on proliferation of either oral dysplasia or OSCC cell lines \[[@R20], [@R21], [@R27]\]. However, our data suggest that *SMPD3* does inhibit the capacity of cells for migration and invasion, in agreement with previous studies \[[@R30]\].

Contrary to previous reports, which describe a pro-apoptotic role for *SMPD3*, we found that overexpression had no effect on survival under cell stress conditions, with the exception of treatment with the EGFR inhibitor erlotinib, as discussed below \[[@R16], [@R17]\]. Several explanations exist for why *SMPD3* overexpression had no effect in some cases. First, nSMase2 activity is regulated by various conditions, including the presence of specific stressors, cytokines, post-translational modifications including phosphorylation and palmitoylation, and access to substrate \[[@R10], [@R11], [@R27], [@R29], [@R31]--[@R35]\]. Thus, overexpression of *SMPD3* does not guarantee an increase in nSMase2 activity and ceramide generation. Second, even if nSMase2 activity is significantly increased by *SMPD3* overexpression, the outcome can be modified by the expression of ceramide metabolizing enzymes, which can prevent ceramide accumulation, by the subcellular localization of ceramide production, and by the expression of other effectors, such as pro- and anti-apoptotic proteins \[[@R31], [@R36]--[@R38]\].

We further observed a consistent increase in survival of *SMPD3*+ cells as compared with control cells following treatment with the EGFR inhibitor erlotinib. A similar phenomenon has been described in lung cancer, whereby cells under oxidative stress are resistant to tyrosine kinase inhibitors, including erlotinib, due to abnormal EGFR activation and trafficking that results from its localization to ceramide-rich rafts \[[@R39]\]. Erlotinib has been shown to increase oxidative stress in OSCC cell lines, suggesting a similar mechanism may be at play in the cell lines used here \[[@R40]\]. Additional study is required to determine whether *SMPD3* overexpression helps to sustain EGFR signaling following treatment with erlotinib, whether this sustained signaling is responsible for reduced erlotinib sensitivity in *SMPD3+* cell lines, and whether the limited efficacy of erlotinib in clinical trials of head and neck squamous cell carcinoma may be mediated in part by nSMase2 activation \[[@R41]--[@R43]\].

In summary, we have identified the promoter region of *SMPD3* as a common site of hypermethylation and downregulation in oral tumors and in oral dysplasia and cancer cell lines. Our experiments suggest that *SMPD3* regulates the migratory capacity of tumors cells and can alter their response to EGFR-targeted therapy.

MATERIALS AND METHODS {#s4}
=====================

DNA methylation and gene expression profiling {#s4_1}
---------------------------------------------

Paired normal, dysplasia, and either CIS or OSCC tissues from ten patients were previously profiled for DNA methylation and gene expression using the HumanMethylation27K microarray (Illumina) and 4 × 44K Human Gene Expression microarray (Agilent) \[[@R5]\]. Ethical approval of this study was granted by the Research Ethical Board at the University of British Columbia (ID\#: H10-01694) and informed consent was obtained prior to sample collection for each case. CpG's showing a delta-beta-value (Δβ) ≥0.15 were considered differentially methylated. Similarly, genes showing a ≥2-fold change in expression were considered differentially expressed.

TCGA data analysis {#s4_2}
------------------

DNA methylation (from the Illumina 450K Infinium chip), gene expression (from Illumina HiSeq RNA sequencing), and clinical data were obtained from The Cancer Genome Atlas (TCGA; [www.cancergenome.nih.gov](http://www.cancergenome.nih.gov); RRID: SCR_003193). We use the term OSCC to refer to a subset of head and neck squamous cell carcinomas arising from oral tissues (including the buccal mucosa, floor of the mouth, hard palate, oral tongue, and oral cavity). Data analysis was performed using Excel (Microsoft Corporation; RRID: SCR_016137) and GraphPad Prism version 8.0 (GraphPad Software; RRID: SCR_002798). CpG island methylation was compared between normal and tumor samples, and statistical significance was assessed using a Student's *t*-test. Correlation of *SMPD3* expression and methylation with clinical variables was performed using a Student's *t*-test or one-way ANOVA. Welch's correction was applied when the variables under study exhibited unequal variances as assessed with an *F*-test. Survival was analyzed using a Gehan-Breslow-Wilcoxon test. A *p*-value of \<0.05 was considered significant.

Cell culture {#s4_3}
------------

The dysplastic oral cell lines, DOK and POE9n-TERT, were obtained from Sigma and the Harvard Skin Disease Research Center, respectively. DOK cells were cultured in DMEM media supplemented with 10% fetal bovine serum (FBS) and 5 μg/ml hydrocortisone. POE9n-TERT cell were cultured in K-SFM media supplemented with 25 µg/ml bovine pituitary extract and 0.2 ng/ml epidermal growth factor. Four oral cancer cell lines, Cal27 (ATCC^®^ CRL2095™), SCC-4 (ATCC^®^ CRL1624™), SCC-9 (ATCC^®^ CRL1629™) and SCC-25 (ATCC^®^ CRL1628™), were obtained from the American Type Culture Collection and were authenticated by short-tandem repeat profiling prior to receipt. Cal27 were cultured in DMEM media supplemented with 10% FBS. SCC-4, SCC-9, and SCC-25 cells were cultured in DMEM/F12 media supplemented with 10% FBS and 400 ng/ml hydrocortisone. Lentivirus was produced using HEK 293T cells, a generous gift from Dr. Aly Karsan. 293T cells were cultured in DMEM media supplemented with 10% FBS. Cell lines were used for no more than two months after thawing to prevent genetic drift.

Lentiviral transduction {#s4_4}
-----------------------

Doxycycline-inducible overexpression of *SMPD3* was performed using the pINDUCER20 vector (Addgene plasmid \#44012; <http://n2t.net/addgene:44012>) as per the manufacturer's instructions \[[@R44]\]. Viral production was performed using 293T cells according to the pINDUCER20 method. Cells were selected using Geneticin (400 µg/ml) for one week and *SMPD3* overexpression was induced using 100 ng/ml doxycycline for 24 hours prior to the start of each experiment. Media was refreshed every 48 hours to maintain expression.

Bisulfite conversion and methylation-specific PCR {#s4_5}
-------------------------------------------------

DNA was collected in Digestion Buffer (10 mM Tris, 100 mM EDTA, 0.5% SDS, 50 mM NaCl; pH 8.0) containing 100 μg/ml Proteinase K. DNA was incubated at 55°C for 48 hours prior to phenol/chloroform extraction. Bisulfite conversion was performed using the EZ DNA Methylation Kit (Zymo Research) per the manufacturer's instructions. Three hundred nanograms of genomic DNA were used as input. Methylation-specific primers were designed using MethPrimer software \[[@R45]\]. Sequences are as follows. Methylated forward primer: TCGTTAGTTATTTTCGGTTGGTC; Methylated reverse primer: ACTTATAATTCTTTAAAAACGCGAA; Unmethylated forward primer: TTGTTAGTTATTTTTGGTTGGTTGT; Unmethylated reverse primer: ACTTATAATTCTTTAAAAACACAAA. PCR conditions were as follows: denaturation at 94°C for 2 min followed by 35 cycles of 94°C for 30 sec, 52°C for 30 sec, and 68°C for 45 sec with a final extension step at 68°C for 10 min. PCR fragments were run on a 1.5% agarose gel and visualized using SYBR Safe DNA gel stain.

Quantitative real-time PCR {#s4_6}
--------------------------

To assess *SMPD3* expression in cell lines, RNA was extracted in TRIzol per the manufacturer's instructions. Complementary DNA was generated from total RNA (600 ng) using the High Capacity Reverse Transcription kit (Applied Biosystems Life Technologies) per the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was performed on a ViiA 7 Real-Time PCR System using TaqMan probes and TaqMan Universal Master Mix II with no UNG (Applied Biosystems). 18S rRNA was used as an endogenous control. qRT-PCR was performed under the following conditions: 50°C for 2 min followed by denaturation at 95°C and 40 cycles of 95°C for 15 sec followed by 60°C for 1 min. Target expression fold change was determined using the double delta cycle threshold (ΔΔCt) method.

Cell growth and viability assays {#s4_7}
--------------------------------

Cell growth was determined by plating each treatment in triplicate in a 6-well plate at a density of 25,000 -- 50,000 cells/well. Cells were counted daily in triplicate using a standard hemocytometer (Trypan blue exclusion). Data was plotted as the average number of cells/well at each time point. Statistical significance was determined using data from the final day of testing (Student's *t*-test; *p* \< 0.05 considered significant).

Transwell invasion assays were performed by plating 50,000 cells/well in serum-free media with or without addition of 200 µg/ml Matrigel (to examine invasion or migration, respectively). Cells could migrate toward 10% FBS-containing medium for 48 hours before fixation in 0.05% Crystal Violet in 20% ethanol. Non-migrated cells were removed with a cotton swab and each membrane was counted manually as the average of 5 regions (top, bottom, left, right, center).

To assess cell response to serum starvation, cells were seeded at 150,000 cells/well in 6-well plates. Twenty-four hours later, medium was replaced with serum-free medium. Cells were grown for 48 hours and counted in triplicate using a hemocytometer.

Clonogenic assays were used to assess cell response to epidermal growth factor receptor (EGFR) inhibition and radiation. Cells were treated with or without doxycycline for 24 hours, followed by treatment with vehicle (dimethyl sulfoxide) or the EGFR inhibitor erlotinib (5 µM) for 24 hours before being plated into 35 × 10 mm plates at a density of 1000 cells/well. Cells were allowed to adhere to the plates and were then treated with 0 or 2 Gray radiation. Cells were grown for 8--10 days after which colonies were stained with 0.05% crystal violet in 20% ethanol and colonies with ≥50 cells were counted. The surviving fraction was calculated relative to untreated controls (0 Gy, 0 µM erlotinib). Statistical significance of the surviving fraction between control and *SMPD3*+ cells was calculated using two-way ANOVA (*p* \< 0.05 considered significant).
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